Driven by estuarine circulation, material released from lower Chesapeake Bay tributaries has the potential to be transported to the upper Bay. How far and what fraction of the material from tributaries can be carried to the upper estuary have not been quantitatively investigated. For an estuary system with multiple tributaries, the relative contribution from each tributary can provide valuable information for source assessment and fate prediction for riverine materials and passive moving organisms. We conducted long-term numerical simulations using multiple passive tracers that are independently released in the headwater of five main rivers (i.e., Susquehanna, Potomac, Rappahannock, York, and James Rivers) and calculated the relative contribution of each river to the total material in the mainstem. The results show that discharge from Susquehanna River exerts the dominant control on the riverine material throughout the entire mainstem. Despite the smaller contribution from the lower-middle Bay tributaries to the total materials in the mainstem, materials released from these rivers have a high potential to be transported to the middle-upper Bay through the bottom inflow by the persistent estuarine circulation. The fraction of the tributary material transported to the upper Bay depends on the location of the tributary. Materials released near the mouth are subject to a rapid flushing process, small retention time, and strong shelf current. Our results reveal three distinct spatial patterns for materials released from the main river, tributary, and coastal oceans. This study highlights the important control of estuarine circulation over horizontal and vertical distributions of materials in the mainstem.
Introduction
Chesapeake Bay, the largest estuary in the United States, has a well-defined mainstem that connects numerous tributaries. Five major rivers (i.e., Susquehanna River, Potomac River, Rappahannock River, York River, and James River) contribute about 90% of the total freshwater discharge to the Chesapeake Bay (Guo & Valle-Levinson, 2007; Hargis, 1980) . The Susquehanna River, located at the north end of the Bay, is widely known to exert a dominant control on a variety of aspects in the middle-upper Bay, significantly affecting the stratification, sedimentation, nutrient levels, dissolved oxygen, and contaminants in this region (Ko & Baker, 2004; Schubel & Pritchard, 1986; Shen et al., 2012) . Meanwhile, materials discharged from the main tributaries (e.g., Potomac, Rappahannock, York, and James Rivers) have the potential to be transported to the middleupper Bay through the bottom layers by the persistent gravitational circulation (Goodrich & Blumberg, 1991) . How far, and what fraction of, the material discharged from these tributaries can be transported toward the upper estuary has not been well investigated quantitatively. It is of interest to know the relative contributions of the material discharged from different tributaries to the material at different locations in the mainstem, which will provide valuable information for water quality management, source assessment, and prediction of the fate of substances, such as pollutants, nutrients, harmful algae seeds, and passive floating fish larvae.
The persistent gravitational circulation in the Chesapeake Bay has been well studied, and it is generally believed to have great impact on the water exchange between the mainstem and tributary and between the Bay and the coastal ocean (Austin, 2002; Du & Shen, 2016; Shen & Wang, 2007; Valle-Levinson, Wong, & Bosley, 2001) . The net movement of bottom water between tributaries and the Bay's mainstem greatly affects the extent and duration of hypoxia in the tributaries (Kuo & Neilson, 1987) . Due to the persistent gravitational circulation, the difference of residence time between the bottom and the surface in the mainstem can be as large as 100 days (Du & Shen, 2016) . The Chesapeake Bay Program conducted a conservative tracer simulation for the year of 1987 and found that the tributaries in the lower Bay had limited contribution to the upper Bay (Butt et al., 2000) . The limited contribution from the lower Bay tributaries is largely due to its small discharge and cannot be interpreted as the low possibility of the material discharged from the tributaries being transported to the upper Bay. Large variability and high concentration of trace metals in local regions (e.g., Baltimore Bay and Hampton Roads) have been observed (Sinex & Wright, 1988; Skrabal, 1995) . However, it is not well known how these local sources will affect the concentration in the mainstem spatially. Therefore, a quantitative study of the influence of estuarine circulation on the transport of materials discharged from tributaries, especially the lower Bay tributaries, is needed.
The present study is intended to investigate the transport of dissolvable riverine material and the relative contribution from five main rivers through a numerical modeling approach by conducting a long-term simulation of transport of multiple passive tracers independently released at the headwaters of five main rivers (i.e., Susquehanna, Potomac, Rappahannock, York, and James Rivers). Total nitrogen is chosen as an example of the riverine materials. The control of physical transport on the redistribution of total nitrogen is investigated based on the numerical modeling result and the long-term observation data collected from Chesapeake Bay Program (http://www.chesapeakebay.net). The article is organized as follows. The numerical simulations and the method to compute the tracer influx and outflux are described in section 2. The spatial distribution of tracer concentration, the relative contribution from different rivers, and the results of total nitrogen simulation are presented in section 3. The importance of gravitational circulation on the vertical and horizontal distributions of riverine material will be discussed in section 4, followed by a summary in section 5.
Methods

Numerical Model
We used the Environmental Fluid Dynamics Code (EFDC) (Hamrick, 1992) to simulate the hydrodynamics of the Chesapeake Bay from 1984 to 2014. EFDC uses a boundary-fitted curvilinear grid in the horizontal and sigma grids in the vertical. The model configuration and boundary condition are the same as those employed in Hong and Shen (2012) and Du et al. (2017) . The bathymetry is shown in Figure 1a . A grid with a horizontal Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003707 cell matrix with dimensions of 112 × 240 and 20 evenly spaced sigma layers in the vertical was utilized. The model was forced by observed tide interpolated from three monitoring stations (i.e., 08651370 Duck, NC; 08638863 CBBT, VA; and 08557380 Lewes, DE) at the open boundary (http://tidesandcurrents.noaa.gov), freshwater discharges of main rivers (http://waterdata.usgs.gov/nwis/), and wind obtained from the North America Regional Reanalysis (NARR) produced at the National Center for Environmental Prediction (http:// www.esrl.noaa.gov/psd/thredds/catalog/Datasets/NARR/pressure/catalog.html).
This model has been calibrated for surface elevation, current, and salinity for the Chesapeake Bay, and it simulated reliable stratification and destratification responses temporally and spatially in both wet and dry years Shen et al., 2013) .
Tracer Release Simulations
A passive tracer was independently and continuously released at the headwater of each of the five rivers, with a constant concentration of 1.0 (arbitrary unit) for all layers. The tracer concentration at the headwaters is evenly distributed in the vertical. Releasing the tracer at the headwater also has the advantage of using concentration rather than tracer mass, which is more convenient to implement. For all the tracer release simulations, the tracer concentration at the open boundary is set to zero. As the constant concentration of 1 (arbitrary unit) is used for all tracer release simulations, the tracer concentration at any location shows the distribution corresponding to the tracer discharged at its discharge location. Therefore, it can serve as a useful index to estimate the dilution strength and to predict the concentration of the corresponding material if given the concentration at the release location.
To examine the relative importance of the bottom influx and surface outflux in the transport of riverine material within the mainstem, we computed transverse and vertical integrals of the tracer influx and tracer outflux for nine selected cross sections in the mainstem (section locations are shown in Figure 1b ). The influx and outflux were calculated using the long-term mean tracer concentration and residual along-channel velocity.
where V is the along-channel residual velocity (positive to the upper estuary and negative to the lower estuary) and C is the tracer concentration, both of which are averaged over the past three decades. H is the water depth. The water flux is calculated by setting the value of C to 1.0. Table 1 lists the long-term mean water influx at each cross section, which shows a rather large water influx in the lower and middle Bay. The magnitude of the water influx in the lower Bay is 3000-5000 m 3 s À1 , which is of the same order from the measurements at the Bay mouth (Wong & Valle-Levinson, 2002) . The magnitude of the water influx in lower-middle Bay is about twice the total mean river discharge (~2200 m 3 s À1 for the entire Bay), suggesting a high potential for material near the bottom to be transported toward the upper estuary. The water influx decreases from section 3 to section 9, and there is no water influx at the northernmost section.
The relative contribution at a given location is measured by the tracer fraction P i , which is the ratio of tracer mass discharged from a given river to the total mass discharged from all five rivers.
where C i is the concentration of tracer released from river i. The fraction can serve as an index to estimate the relative probability of the material discharged from different rivers.
Because of the large bottom inflow, the coastal ocean source can also be an important source of the material in the estuary. It has been well known that the coastal ocean provides large amount of phosphates to the estuary Nixon et al., 1996) . The harmful Table 1 The Water Influx at Nine Cross Sections; the Cross-Section Location Is Shown in Figure 1b ; (Anderson et al., 2005 (Anderson et al., , 2008 Marshall et al., 2005) . Understanding the transport of the coastal ocean input is of interest. To examine the distribution of the material from coastal ocean input, a simulation for material input from the coastal ocean was also conducted. The release location for the coastal ocean input is the same as the offshore open boundary. The tracer concentration at the open boundary is set to 1.0 (arbitrary unit) for each layer.
Simulating the Total Nitrogen
The eutrophication model has been applied to simulate nitrogen dynamics in estuaries (e.g., Cerco & Cole, 1993; Park et al., 1995) . For these models, nitrogen state variables include particulate organic nitrogen (PON), dissolved organic nitrogen (DON), ammonium (NH 4 ), nitrate, and nitrite (NO 23 ). The general model can be described as
where L x denotes external loading (x = PON, DON, NH 4 , NO 23 , and Chla), k x denotes reactions, F x denotes bottom flux, and w PON and w Chla denote settling. UP 1 and UP 2 are nutrient uptakes by phytoplankton. Rx denotes nutrient recycle. g, r, and m are phytoplankton growth, respiration, and mortality rates. The growth rate is a function of light, nutrient, and temperature. T denotes transport and dispersion processes.
By summing equations (4)-(8), total nitrogen (TN) can be expressed as
where α is N : Chla ratio. The term Lsum is the total external nitrogen loading. The sum of other terms can be regarded as total net removal of TN. If assuming that the total removal is proportional to TN, TN transport can be simplified as
TN can be therefore simulated with a prescribed loading and a removal rate. Previous studies show that annual TN removal rate in different estuaries does not change dramatically (Dettmann, 2001; Nixon et al., 1996) . Based on Boynton et al. (1995) and Dettmann (2001) , the average annual removal rate for TN for the Chesapeake Bay is about 0.06 day À1 . The removal of TN is mainly caused by burial processes, denitrification, and transport out of the estuary .
The TN loading below the fall-line at the major rivers is based on the U.S. Geological Survey (USGS) observations (https://cbrim.er.usgs.gov), and the point source and atmosphere deposition are estimated based on their ratios suggested by Boynton et al. (1995) . Based on recent nutrient loading monitoring and estimations by the USGS and the Chesapeake Bay Program, the decadal mean of total nitrogen loading, L, is about 150 × 10 6 kg/yr, of which about 90 × 10 6 kg/yr (~60%) is from the nonpoint source input and 40% is from atmospheric deposition and point sources (https://cbrim.er.usgs.gov/). The diffusive loading is added directly at the headwater of major rivers, while the point source loading and atmospheric loading are added along the banks of the mainstem. Additionally, we used a constant TN concentration of 0.15 mg/L as long-term mean at the open boundary (Levitus et al., 1993; Voss et al., 2013) . For simplicity, this TN concentration is prescribed to the model grids of the coastal ocean boundary. The open boundary condition could have a great impact on the TN concentration, especially in the lower Bay and the Bay mouth area. This approach can be Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003707 considered as the first order approximation, which enables us to conduct a model study to understand the influence of the physical transport processes on TN distribution in the Bay.
Simulation of the TN is conducted for 1985-2012, and the simulation results are compared with the observation data collected from the Chesapeake Bay Program. We analyzed the long-term mean condition and the monthly and interannual variations of the TN in the mainstem.
Result
Horizontal Distribution of the Tracer Concentration
For all the tracer release simulations, tracer concentrations decrease down-estuary because of quick dilution by large volumes of water in the mainstem ( Figure 2 ). Depending on the magnitude of discharge and the relative location of the river mouth to the mainstem, the tracer concentration varies significantly for different rivers. Here we use a tracer concentration of 1% as a criterion to determine if the river input has influence for a given region.
Not surprisingly, discharge from the main river, Susquehanna River, has the most significant influence in the mainstem, which is due to its largest river discharge and its most upper estuary location (i.e., at the head of the Bay). The tracer concentration from Susquehanna input is about 50%, 30%, and 10% at latitudes 39 N, 38 N, and 37 N in the mainstem, respectively (Figure 2a ). Its influence is also evident in the lower reach, even the middle reach, of other subestuaries.
The Potomac River has the second largest influence area, despite the relatively smaller tracer concentration (<10%) in the mainstem in comparison with the Susquehanna River release. The tracer concentration decreases quickly from 100% at the river head to 10% at the river mouth ( Figure 2b ). In the Bay's mainstem, its concentration decreases toward both the upper Bay and the lower Bay.
For the other three tributaries, i.e., Rappahannock, York, and James Rivers, the tracer concentration exhibits a similar pattern, with a rather small influence area in the mainstem due to the small river discharge and/or a quick dilution by the large volume of water in the lower Bay. Particularly, tracer from the James River, which has river discharge of the same magnitude as the Potomac River, highly concentrated near the western bank.
The tracer concentration at the mouth of any of the three rivers is around 3% (Figures 2c-2e ). The outreach of the 1% isoline is very limited, suggesting that riverine material from these rivers is quickly diluted.
Vertical Distribution Along the Mainstem
The vertical difference of tracer concentration along the deep channel section of the Bay's mainstem is evident, with a larger concentration near the surface from the river mouth down to the Bay's mouth and a Figure 3b ). For discharge from other tributaries (i.e., Rappahannock, York, and James), the tracer concentration exhibits a similar vertical pattern as with the Potomac River (Figures 3b-3e ). Materials from the lower Bay tributaries cannot reach to the north end of the mainstem, because there is no bottom inflow at the north end of the mainstem (Table 1) .
Lateral Distribution Across the Mainstem
The vertical difference of tracer concentration is obvious not only along the deep channel in the mainstem but also across the mainstem. The asymmetry of the tracer concentration between the Bay's Eastern Shore and Western Shore occurs in almost all cross sections ( Figure 4 ). Sections 1-3 in the lower Bay and section 6 in the middle-upper Bay are selected to examine the lateral distribution of tracer concentration. Much lower concentration in the Eastern Shore is observed at the section near the tributary mouth (e.g., sections 2 and 3 for York and Rappahannock Rivers input, respectively), where material tends to move along the Western Shore by the strong seaward residual current ( Figure 5 ). The tracer concentration isolines show moderate to strong tilting across the mainstem (Figure 4 ). The tilting of isolines is related to the horizontal shear of the exchange flow ( Figure 5 ), and the tilting strength is related to the width of the channel (Valle-Levinson, Reyes, & Sanay, 2003) . A strong tilting of both the tracer concentration and the residual current is found in section 3 (Figures 4c and 5c ), which has the largest width among the four selected sections. From the tributary mouth to the Bay mouth, the tracer concentration is greater at surface layers and along the Western Shore, which is evident in section 1 (located at the mouth). On the contrary, from the tributary mouth to the upper Bay, the tracer concentration is larger along the Eastern Shore and larger in the bottom layers. In addition, the vertical difference in sections 2-6 is much smaller than that in section 1. Tracer concentration at the surface ranges from 30 to 43 times that at the bottom in section 1, while there is less difference between the bottom and the surface in sections 2-6. The larger vertical difference near the Bay's mouth is believed to be related with the shorter residence time and southward shelf current outside the mouth, which will be further discussed in section 4.2.
The Tracer Influx and Outflux
The product of the water flux and the tracer concentration is calculated as tracer flux (equations (1) and (2)) to understand the relative magnitude of tracer influx and outflux. The tracer influx and outflux normalized by the river discharge are shown in Figure 6 . The ratio of the tracer influx to the river discharge can be as large as 119% (Figure 6b ), suggesting that a large portion of material in the lower estuary can be transported to the upper estuary. Note that the 119% ratio cannot be interpreted as a net transport of 119% of the material toward the upper estuary, as the net transport is the sum of influx and outflux. For any release, all the material will be ultimately exported out of the Bay. Influenced by the magnitude of river discharge and the location of the river's mouth, the tracer influx and outflux ratios in the mainstem vary dramatically, with a maximum influx ratio ranging from 18% (at section 3 for the York River release) to 119% (at section 4 for the Potomac River release). The maximum tracer influx ratio usually occurs in the lower Bay, at either section 3 or section 4, and the tracer influx decreases toward both upper Bay and lower Bay. Sections 3 and 4 have the largest influx among all the sections, probably due to the large widths of these two sections. Among all the five rivers, the Potomac River has the largest maximum tracer influx ratio with a value of 119%, followed by 98% and 94%, respectively, for the Susquehanna and Rappahannock Rivers. Surprisingly, the tracer influx ratio for the Rappahannock River is rather large (maximum 94%), despite its small tracer concentration in the mainstem (less than 3%, Figure 2c ). In the middle-upper Bay, the mean tracer influx ratio value is largest for Susquehanna, followed by Potomac, Rappahannock, York, and James. Taking section 8 as an example, the tracer influx ratio from the Potomac River release is 7 times larger than that from the James River release. James River and York River have the smallest mass influx ratios at almost all cross sections, except section 1. Even though other smaller tributaries are not included in the simulations, it is confident to predict that material released at tributaries in the middle and upper Bay is very likely to have a large tracer influx. 
Relative Contribution From Each River
The relative contribution (equation (3)) indicated by the fraction of discharged material from each river to the total materials discharged from five rivers varies dramatically among different river releases. The results provide a measure of the contribution of each tributary assuming that the concentration of material discharged from each river is the same. The Susquehanna River source dominates over the entire mainstem, with the tracer fraction ranging from 50% at the Bay's mouth to 100% at the Bay's head (Figures 7a and S2) . Material from the Susquehanna River also has a large contribution in the lower reaches, even in the middle reaches, of subestuaries in the lower-middle Bay. The tracer fraction from the Potomac River input is less than the Susquehanna River input but much larger than the inputs from the Rappahannock, York, and James Rivers (Figures 7b-7e ). The mean contributions averaged over the mainstem are about 70%, 20%, 3%, 2%, and 5% for the Susquehanna, Potomac, Rappahannock, York, and James Rivers, respectively ( Figure S3 ). Different from the dominant contributions of the Susquehanna and Potomac, the contributions from the Rappahannock, York, and James are very limited in the Bay's mainstem. Among these three tributaries, York River has the least contribution to the mainstem. For the York River, the 1% isoline cannot even reach to the middle Bay. James River, on the other hand, has a larger influence, with its 1% isoline extending to (Figure 7e) . James River has a large contribution (20-30%) in the shelf area near the Bay's mouth. Overall, the Susquehanna River input dominates the majority of the Bay, while inputs from tributaries dominate locally.
Material From the Coastal Ocean
A simulation of tracer release at the open boundary was conducted, and it reveals the high potential of coastal ocean material to be transported to the Bay and the subestuaries (Figure 8 ). Transport of material from the coastal ocean is highly similar to the process of salt intrusion. The incoming water mass from the coastal ocean is transported up-estuary mainly through the bottom inflow and affects the shoaling area and surface layer through vertical mixing and lateral transport, resulting in a larger concentration near the bottom and a lower concentration near the surface (Figure 8 ). The tracer concentration decreases toward the upper estuary, with a value of about 90% at the mouth, 60% at 38 N, and 40% at 39 N, respectively. 
Simulating the Total Nitrogen Redistribution
Despite the simplicity of the approach, the spatial distribution of the column mean TN averaged over 1985-2012 in the Bay's mainstem is well reproduced (Figure 9 ), suggesting a dominant control of the physical transport and location of riverine TN sources on the distribution of long-term mean value of TN. The results suggest that the mean removal rate of TN is 0.06 day À1 for the simulation period, which is consistent to the estimation by previous studies (e.g., Dettmann, 2001) .
The temporal variations of the observed TN at several selected stations agree well with model results (Figure 10) . The physical transport and the TN loadings explain 30-50% of the monthly variation and 50-90% of the interannual variation of the observed TN. The less percentage explained by the model in the lower Bay compared to the middle and upper Bay can be attributed to the interannual variation of coastal ocean condition (Levitus et al., 1993) and spatially-temporally varying nitrogen loss rate in the mainstem.
Further analysis of the seasonal difference between modeled and observed TN suggests that there is a significant seasonal variation of the TN removal rate. The model underestimates the TN concentration during the winter and early spring (Figure 11) , especially in the middle and upper Bay, suggesting that the realistic nitrogen removal rate during winter and early spring is less than 0.06 day À1 , the constant removal rate used in the model.
Discussion
Important Control of Estuarine Circulation on the Distribution of Riverine Material
The distribution of riverine material is greatly regulated by the persistent estuarine circulation. The estuarine circulation is generally believed to play a major role in the aggregation of sediment in the turbidity maximum zone (Festa & Hansen, 1978; Sanford, Suttles, & Halka, 2001) , the larvae transport for a variety of species of fish Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003707 (Epifanio & Garvine, 2001; Fortier & Leggett, 1983) , and the hypoxia condition (Du & Shen, 2015; Kemp et al., 2005; Kuo & Neilson, 1987) .
The vertical distribution is mainly caused by the unique manner of water exchange between the estuary and adjacent coastal ocean and between tributary and mainstem. Material released from the Susquehanna River tends to concentrate near the surface, leading to a net downward transport through vertical mixing and lateral transport processes in the mainstem. Because of the bottom influx, the surface outflux can be as large as 190% of the river discharge (Figure 6a ). This effect manifests in vertical differences in both the mainstem and the lower reach of other subestuaries, with a larger surface concentration in the mainstem and a smaller surface concentration in the subestuaries ( Figure S1a) . A large amount of material in the mainstem is transported into the tributaries in the bottom layers by gravitational circulation (Kuo & Neilson, 1987) . This mechanism can be also applied to explain the vertical difference of material concentration from the input of other tributaries. Taking the material released from the Potomac River as an example, the bottom tracer concentration is larger in the upper Bay and the lower reaches of Rappahannock, York, and James Rivers ( Figure S1b ), because the most efficient way the material from the Potomac River is transported to these areas is through gravitational circulation.
Besides the along-channel distribution, the lateral distribution is also highly related to the estuarine circulation. The horizontal shear of exchange flow (Valle-Levinson et al., 2003) is a key factor controlling the lateral shape of tracer concentration. Even for a narrow channel, the horizontal shear of the exchange flow, induced by the Coriolis force, will cause a larger bottom inflow to the right of the channel (looking up-estuary from the estuary mouth). This lateral inequality of transport will lead to a lateral tilting of tracer concentration as shown in the vertical profiles of sections 2 and 3 ( Figure 4) . As the strength of tilting is related to the width of the cross section, a narrower cross section (e.g., section 6 in Figures 4 and 5) tends to have less horizontal shear of exchange flow and thus less tilting of tracer concentration isolines.
The channel topography can modulate the vertical mixing and stratification and thus affect the distribution of released material. The shallow topography in the lower Bay (37-37.5 N) contributes to the stronger vertical Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003707 mixing in this region. Without the contribution of the shallow topography in the region, the material released from the tributaries in the middle-upper Bay (e.g., Potomac River and Susquehanna River) is expected to be more concentrated at the surface layer.
Source Location Determines the Fraction of Material Moving Up-Estuary in an Estuary
The estuarine circulation, together with the source location, determines the spatial distribution of material from different sources. Figure 9 is a conceptual diagram illustrating the dominant processes that regulate the material distribution. The location of the source affects the material distribution, the magnitude of bottom tracer influx, and the relative contribution.
The source location greatly affects both horizontal and vertical distributions of the material. Substances discharged from the main river will spread to the lower estuary and concentrate in the surface layers (Figure 12a ). The net vertically downward transport is mainly caused by both vertical mixing and lateral transport Scully, 2010) . A portion of the material near the bottom will be transported up-estuary by gravitational circulation. For tributary discharge, material concentrates near the mouth of the tributary and is diluted in both landward and seaward directions. The net vertical transport direction is opposite between the lower estuary and upper estuary (Figure 12b ). Material from the coastal ocean input will be transported into the upper estuary in the bottom layers by the persistent gravitational circulation, leading to an opposite spatial pattern as with the main river source (Figure 12c ). The vertical net transport will be in the upward direction in the mainstem for the coastal ocean source.
The location of source highly affects the magnitude of the bottom tracer influx. The lower Bay is characterized by rapid flushing and small residence time (Du & Shen, 2016) . The strong outflow near the southern shore at the mouth will export the material from the James and York Rivers quickly, and material exported usually has little chance to come back because of the southward river plume and southward shelf current (Guo & Valle-Levinson, 2007; Jiang & Xia, 2016; Lentz, 2008) . The larger vertical difference near the mouth (where the surface concentration is 30-43 times that at the bottom) can also be attributed to the rapid flushing in this region. Tracers released at the upper estuary tend to have longer residence time inside the Bay. With a longer residence time, a larger fraction of material will be mixed down to the bottom layer through diffusion, vertical advection, and lateral and longitudinal circulation, leading to a smaller vertical difference. The quick flushing near the mouth also explains the much smaller tracer influx to the middle-upper Bay for the discharges from both York and James Rivers. It appears that the ratio of tracer influx to the river discharge will increase as the location of the mouth of the tributary moves up-estuary.
The different retention times for different sources also contribute to the inconsistency between the relative contribution of material in the mainstem and the relative river discharge. The contribution is not necessarily proportional to the discharge. For example, the relative contribution of Susquehanna is about 70%, which is larger than the percentage of its river discharge, which is about 60% of the total of the five river discharges. The contribution of input material from the James River is less than 5%, which is lower than its flow contribution (about 10%). The longer the residence time the material has inside the Bay, the larger the contribution will be.
Even though there is a high potential of material released from the tributaries in the lower Bay and the coastal ocean to be transported to the upper Bay, the movement toward the upper Bay in the bottom layers is very slow. The mean bottom inflow is with a magnitude of 1~2 cm/s, and thus, a water parcel at the mouth needs 100-200 days to reach the upper Bay Shen et al., 2012) . Transport of material released at the lower estuary is more sensitive to the coastal dynamics, such as upwelling, dispersion of the river plume, and shelf currents.
The tracer release experiments have been reported in several estuaries, and almost all experiments show that the material distribution is highly regulated by the physical processes, particularly by the flushing capacity and the residence time of the system. Tracers are also widely used to investigate the river plume (e.g., Hudson River (Hellweger et al., 2004) ) and to scale the transport processes to quantify dispersion of living resources (e.g., James River (Guadiana Estuary, Oliveira, Fortunato, & Pinto, 2006; Shen et al., 1999) ). Azevedo, Bordalo, and Duarte (2010) used a well-calibrated 3-D hydrodynamic model to simulate the contaminant dispersion by releasing tracers and found the important modulation of tide, river discharge, wind, and estuarine circulation on the redistribution of the contaminant. Caplow et al. (2003) studied the transport dynamics in the New York Harbor by injecting and measuring a chemical tracer, sulfur hexafluoride (SF6), and found that the low retention time of the estuary caused quick dilution and rather high loss rate, which is consistent with our tracer experiments for the material released in the lower Bay tributaries. Gustafsson and Bendtsen (2007) used age tracer to investigate the vertical mixing in a Fjord, where the signal of vertical mixing is not detectable in salinity and temperature fields. In our study, the tracer concentration along the deep channel section of Bay's mainstem reveals distinct vertical difference (Figures 3 and 4) , which is otherwise not easy to detect without using tracers.
Limitations of the Passive Tracer Method
Even though the passive tracer method could serve as a useful tool to understand the redistribution of the soluble riverine materials, there are some limitations that should be pointed out as the passive tracer method omits some processes, such as the decay, settling, burial, and resuspension. Consequently, the relative contribution from the Susquehanna River on the TN in lower Bay may not be as large as shown in the result of passive tracer simulation because of the substantial loss during the transport that could take more than 100 days (Shen & Wang, 2007) . By including the net removal rate of the TN, one can reasonably reproduce Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003707 the TN variation in the Bay. However, there are noticeable discrepancies between the modeled values and observed values, possibly due to the seasonal change of net removal rate. Several possible factors can contribute to the seasonal differences of the nitrogen loss rate, such as the seasonality of algal uptake, nitrification-denitrification, sediment resuspension, and dissolved nitrogen release from sediment (Baird, Ulanowicz, & Boynton, 1995; Cowan & Boynton, 1996; Kemp et al., 1990) . The combination of these processes seems to result in an overall smaller nitrogen removal in the winter and early spring than in the summer and fall. In addition, the spatial variation of the net removal rate, which is related to the spatially varying biological and chemical environment, could introduce further discrepancy in the TN distribution. Therefore, to examine the detail variations for a specific substance subject to biogeochemical processes, it is always recommended to model explicitly including these biogeochemical reactions. For the TN in the Bay, using a net constant TN removal rate could well simulate the variation of TN, but for other nutrients or organic pollutant, adding a constant removal rate might not be sufficient. Nevertheless, the passive tracer simulation result retains the main characteristic of the redistribution pattern and could still provide important information for the potential pathway of riverine materials.
Several other factors are also important for the transport and the distribution of the nonconservative material, such as the solubility of the material, the settling velocity, the biogeochemical processes, and the duration and depth of the release. A different release depth could make a dramatic difference at different locations, which has been confirmed by multiple studies using particle tracking (e.g., North et al., 2008) . The release time and the duration of release can make dramatic differences, especially for a large estuarine system as dynamics can change dramatically over a short period. Short-term events, such as storms, can alter the transport processes. The transport of material whose release lasts for only a short period is subject to short-term events, such as strong Ekman transport toward the coastal ocean, and a high-speed wind event that could well mix the entire water column and weaken the estuarine circulation (Cho et al., 2012; Li et al., 2006; Shen & Gong, 2009 ). Furthermore, materials with settling velocity will be subject to the bottom inflow in its earlier stage. Even though these specific properties of the material could modulate the spatial distribution, they are unlikely to shift the overall pattern of the distribution.
Conclusion
By using passive tracers, our numerical simulation highlights the important control of estuarine circulation on the redistribution of riverine material in a partially mixed estuary. Driven by the persistent bottom inflow, material released from the tributaries in the lower-middle reach of the estuary and from the coastal ocean has high potential to be transported to the upper estuary. The results reveal three distinct spatial patterns in the mainstem of an estuary for material released from different sources, namely, the main river input, tributary input, and coastal ocean input. Even though the Chesapeake Bay is selected as an example, the spatial pattern is applicable for other partially mixed estuary systems.
For the Chesapeake Bay, our results suggest that the main river (i.e., Susquehanna River) has dominant control on the concentration of riverine material in the mainstem and even in the lower reach of other tributaries through the bottom inflow in these subestuaries. Despite the small contribution from tributaries (e.g., Potomac, Rappahannock, York, and James Rivers), material from these rivers can be slowly moved to the upper estuary. The portion of materials moved to the upper estuary largely depends on the location of the tributary. Material from a tributary located near the mouth (e.g., James River) tends to have a relatively smaller portion of material transported to the upper Bay, due to the rapid flushing near the mouth area and the southward shelf current outside the mouth.
The spatial pattern illustrated by our simulation is not applicable to short-period release, which is highly subject to short-period events (e.g., hurricanes and storms). Further research on the event-driven transport is needed. Nevertheless, we hope that the general insights demonstrated by our numerical approach will help to improve the understanding of the source and fate of materials in estuarine and coastal systems.
